The Sprn gene encodes Shadoo (Sho), a glycoprotein with biochemical properties similar to the unstructured region of cellular prion protein (PrP C ). Sho has been considered a candidate for the hypothetical π protein that supplies a PrP C -like function to maintain the viability of Prnp 0/0 mice lacking the PrP C protein.
To understand these relationships more clearly we probed the cell biology of Sho and created knockout mice. Besides full-length and a "C1" C-terminal fragment, we describe a 6-kDa N-terminal Sho neuropeptide, "N1," which is present in membrane-enriched subcellular fractions of wild-type mice. Sprn null alleles were produced that delete all protein coding sequences yet spare the Mtg1 gene transcription unit that overlaps the Sprn 3′ UTR; the resulting mice bred to homozygosity were viable and fertile, although Sprn 0/0 mice maintained in two genetic backgrounds weighed less than wildtype mice. Lack of Sho protein did not affect prion incubation time. Contrasting with lethality reported for knockdown of expression in Prnp 0/0 embryos using lentiviruses targeted against the Sprn 3′ UTR, we established that double-knockout mice deficient in both Sho and PrP C are fertile and viable up to 690 d of age. Our data reduce the impetus for equating Sho with the notional π protein and are not readily reconciled with hypotheses wherein expression of PrP C and Sho are both required for completion of embryogenesis. Alternatively, and in accord with some reports for PrP C , we infer that Sho's activity will prove germane to the maintenance of neuronal viability in postnatal life.
disease susceptibility | genetic redundancy | prion gene family P rion infections result in a conformational remodeling of the cellular prion proteins (PrP C ) that yields a β-sheet-enriched and infectivity-associated form denoted PrP Sc (1) . In independent support of biochemical analyses, missense mutations in the PrP gene (Prnp) on chromosome 2 in mice impact disease progress and pathology (2) (3) (4) . Prnp 0/0 mice have a normal development and are completely resistant to prion infections (5) and, although useful in the study of disease pathogenesis, have heightened curiosity as to PrP C 's function. Reported phenotypes in Prnp 0/0 mice are disparate and sometimes subtle: these include altered circadian rhythms (6, 7) , sensitivity to oxidative stress (8) , excitability of hippocampal neurons (9, 10) , sensitivity to seizure (11, 12) , age-related behavioral deficits (13) (14) (15) , deficits in olfaction (16) , and altered maintenance of the peripheral nervous system (17) . The nonlethal effect of PrP C -deficiency has provoked interest in the concept of functional degeneracy, with a hypothetical PrP functional homolog being deduced from genetic data and termed "π" (18, 19) . More recently, the Sprn gene (20) on chromosome 7 has been shown to encode the Shadoo (Sho) glycoprotein with homology to the PrP C hydrophobic domain. Sho, like PrP, is attached to the cell surface by a GPI anchor (21) . In prion infections, levels of Sho protein are markedly reduced (21) (22) (23) (24) . In terms of physiological action, Sho, like PrP C , can exhibit neuroprotective properties (21) and shares a number of binding partners in common with PrP C (25) . Importantly, in Prnp 0/0 embryos, Sprn knockdown using lentiviral vectors is reported to result in embryonic lethality (26) . Spurred by these findings, we generated Shadoo-deficient mice. We report here that Sprn 0/0 animals with no detectable Sho protein display no overt malformation at birth or in adult life. Surprisingly, mice deficient in both Sho and PrP C were also found to be viable as adults. Our data define constraints applying to the π hypothesis and the ways in which PrP C and Sho might interact in the CNS.
Results and Discussion
Generation of Sprn 0/0 Mice. Generation of an Sprn null allele involved a deletion of noncoding exon 1 and the 5′ part of exon 2 containing all 444 bp of the Sprn protein coding sequence (the latter being replaced by a neomycin cassette), a strategy thus sparing the transcription unit of the overlapping Mtg1 gene (Fig.  1A , and Figs. S1 and S2). The targeting vector was transfected into 129Sv/Pas ES cells and two clones with correct targeting into chromosome 7 were microinjected into C57BL/6J blastocysts, resulting in chimeric mice that subsequently gave germ-line transmission to yield Sprn 0/wt heterozygotes. Intercrosses of the heterozygotes in turn produced Sprn 0/0 mice that were born at the expected Mendelian distribution (Table S1 ); these homozygous null Sprn 0/0 mice showed no gross morphological alterations. Both male and female Sprn 0/0 mice were fertile (Table S1 ). Prior analyses of Sprn gene expression have mainly focused upon mRNA transcripts, augmented by descriptions of fulllength and C1 Sho protein fragments present in CNS samples (21) . To extend these analyses, we surveyed for the presence and biochemical signature of Sho protein in peripheral tissues using Sprn 0/0 as negative controls; these studies used a diethylamine (DEA)-based fractionation used previously for amyloid precursor protein (APP) and secreted APP (sAPP) (27, 28) to yield membrane-associated (pellet) and membrane-dissociated (supernatant) fractions. The analyses failed to define expression of the Sho glycoprotein in organs other than the brain (Fig. S3) , and thus fall in broad agreement with analyses of Sprn expression from reporter Tg mice (http://www.gensat.org). Accordingly, our subsequent experiments placed an emphasis upon neural structures. Western blot analysis of brain homogenates prepared from Sprn 0/0 , Sprn 0/wt , and Sprn wt/wt mice established that no Sho protein was produced from the knockout allele, and that PrP C levels were not affected by the lack of expression of Sho protein (Fig. 1B ). Neuroanatomy of Sho Expression. Our next experiments focused on the neuroanatomy of Sho protein expression. Prior analyses used peptide competition of a polyclonal antibody as a control for specificity of immunostaining to wild-type tissue sections (21) . Using a different N-terminal antibody preparation and using Sprn 0/0 mice as internal controls, we confirmed and extended aspects of the prior results. In the hippocampus of wild-type mice, Sho immunostaining was most readily apparent in the molecular layer of the dentate gyrus extending to the hippocampal fissure. PrP C , on the other hand, was prominent in the molecular layer adjacent to CA1 neurons (Fig. 1C) . These data elaborate on the concept that these two proteins do not always have coincident expression (21) , and are of potential relevance to the issue of redundancy between Sprn and Prnp (see below). An additional finding during the course of these studies was a prominent staining of the cell body in some neurons of the lateral hypothalamus (Fig. 1C, subpanels F and G) . (Fig.  2) . Groups of i.c. inoculated mice had incubation times (± SEM) of 151 ± 6 d (wild-type, n = 6), 154 ± 5 d (Sprn 0/wt , n = 10), and 150 ± 5 d (Sprn 0/0 , n = 10), and protease-resistant PrP species in brain homogenates were not notably different between the three genotypes (Fig. S4) . Following i.p. inoculation, Sprn wild-type, (n = 12), Sprn 0/wt , (n = 11), and Sprn 0/0 (n = 8) mice had incubation times (± SEM) of 177 ± 2, 176 ± 5.5, and 179 ± 7 d, respectively. For the oral route, diagnosis by clinical signs was also similar for the three genotypes:
, and wild-type (212 ± 11 d, n = 6) mice. This experiment was discontinued at 300 d before clinical signs developed in all of the gavaged mice of the cohort. Thus, in contrast to the causal relationships to disease pathogenesis that may exist for missense and frame-shift SPRN alleles in conjunction with human-tropic prions (30) , absence of mouse Sho does not significantly impact the temporal and clinical manifestation of prion infections, at least for the RML prion isolate. This finding is in accord with studies using Tg.Sprn mice that overexpress Sho (22-24), and underscores the conclusion that murine Sho does not play an active role in prion replication. Rather, we hypothesize that the notable "property" of endogenous mouse Sho in a prion infection is to reveal-by its own disappearance-the onset of a degradative activity directed against protease-resistant PrP Sc . Fig. 3A , and from mouse N2a neuroblastoma cells expressing wild-type Sho in Fig. 3B . Several features emerged from these analyses. First, full-length Sho (mSho) protein was dispersed across several fractions and was present within two fractions, F3 and F4, containing histones (i.e., indicative of the presence of nuclei). A second feature of the analyses was the presence of Sho protein fragments (i.e., absent in Sprn 0/0 samples) of 14, 12, and 6 kDa. The fragments of 14 and 12 kDa may correspond to protein species that have not been modified at the single N-linked glycosylation site, with the latter possibly representing a C-terminal truncation. The 6-kDa species (see also Fig. 1B) has not been reported previously and was investigated further. Sho is cleaved to a membrane-anchored C-terminal fragment denoted "C1" (following from the nomenclature for endoproteolytic fragments of PrP C ) (31) , suggesting that the 6-kDa fragment detected by 06rSH1 antibody might comprise the reciprocal "N1" proteolytic product. In prior analyses and experiments presented in Fig. 3C , DEA extraction was used to separate membrane-tethered and extrinsic/secreted forms of APP (27, 28) and Sho (22) , but low M r Sho species were not scrutinized. Here, examination of DEA extracts from whole brain and from dissected olfactory bulb, pituitary, and cerebellum homogenates revealed a 6-kDa fragment of Sho in the pellet fraction of TgSprn mice (and in wild-type mice, but not in Sprn 0/0 mice, after longer autoradiographic exposures). The presence of an N1 fragment in a membrane-associated pellet fraction was unexpected because the size precludes the presence of a GPI anchor. We speculate that the N1 fragment might be present inside vesicles or, if the hydrophobic region is present within the N1 fragment, that this region can form a transmembrane helix.
Body Mass in Sprn 0/0 Mice. Growth curves for body weight in Sprn 0/0 mice differed from controls (Tables 1 and 2 ). Young mice show a biphasic growth curve with an inflection point at the time of weaning. Across all data there was a significant interaction between genotype and body weight (P < 0.05). For females significance was in the first phase of growth, with the situation reversed for males. With initial data obtained from an outbred 129Pas/C57BL6 background, we extended the study to cohorts where the Sprn null allele had mobilized by seven backcrosses and four generations of inbreeding (N7, F4) to an FVB/NCr genetic background. Here, an effect upon body weight was apparent in young adult homozygous null animals, wherein a decrement of about 9% was noted versus control wild-type littermate animals, reaching significance in males (P < 0.05). These data argue for a relationship between levels of Sho expression (arising here from different Sprn gene dosage) and body mass. Interestingly, another biological context where expression of Sho protein is reduced in the instance of prion infections (21) (22) (23) (24) . Although Sho down-regulation could be dissociated temporally from neurological signs used to diagnose end-stage disease (22, 23) , we note that prion disease can also be associated with changes outside of the CNS: specifically, a number of prion strains produce a loss in body mass, and less commonly, some strains produce an increase (32, 33) . Further studies will be needed to ascertain whether Sho levels are altered in hypothalamic neurons of mice infected with different prion strains and, if alterations are evident, whether or not there is a consistent relationship with perturbed body mass. Fig. 4A . Although Prnp and Sprn may encode proteins with overlapping activities (as discussed below), their activities are not interrelated to the extent that their expression levels are counterbalanced. The concept that lack of PrP C produces an increase in Sho expression has been excluded previously by protein analyses of the CNS in Prnp 0/0 mice (21, 22, 29) , and here we can exclude that an alteration in Sprn gene dosage (and hence Sho protein level) affects CNS levels of PrP C (Fig. 4) . Gross brain morphology was similar to wild-type in Sprn (Fig. 4B) , indicating that absence of Sho does not accentuate a phenotype associated with lack of PrP C in adult mice.
Generation of
Sprn 0/0 Plus Prnp 0/0 Double-Knockout Mice. Because an earlier report described a lethal phenotype resulting from knockdown
Activities Needed to Maintain Cell Viability in the Adult CNS and in
Mouse Embryos. To account for toxic properties of internallydeleted PrP C causing cerebellar degeneration and the lack of an overt phenotype in Prnp 0/0 mice, a model has been proposed wherein PrP C docks to a hypothetical membrane protein L PrP to initiate intracellular signals that maintain cell viability, with a second hypothetical molecule π supplying a PrP-like function when PrP C is removed by genetic deletion (18) . In terms of known PrP-like molecules, Doppel is barely expressed in the CNS in wild-type mice (35, 36) and can be excluded from consideration. However, because Sho is expressed in the CNS (21 and present study) and has a number of PrP C -like biochemical properties (21, 25, 37) , it is considered as a candidate for π. Indeed, the report of embryonic lethality from knockdown of Sho in Prnp 0/0 embryos (26) added impetus to this notion. On the other hand, our data demonstrate that mice fully deficient in both Sho and PrP C are viable. To appraise these issues we will consider technical aspects of gene ablation before turning to the current state of the L PrP /π hypothesis.
In a seeming paradox, the genetically "leaky" procedure of combining a Prnp 0/0 genotype with a transient lentiviral knockdown of Sprn, verified by analysis of RNA levels, is reported (26) as generating a stronger phenotype (i.e., embryonic lethality) than a procedure of breeding to homozygosity for constitutive null alleles of both Sprn and Prnp (here, with all of the Sprn coding region deleted) and with lack of Sprn expression verified by analysis of Sho protein (Fig. 4) . How might this puzzling divergence in outcomes arise? Both studies use the Zrch1 null allele of Prnp, thus excluding a phenomenon wherein some Prnp null alleles affect RNA splicing to the adjacent Prnd locus thus encoding the neurotoxic Doppel protein (36) . Genetic background is similar, but not identical, being FVB/N for the knockdown studies versus FVB/NCr × 129Pas used in the studies here. "Off-axis" effects from an individual Sprn-targeting lentiviral vector (38, 39) could be considered but the use of two independent shRNA lentiviruses to obtain a similar phenotypic outcome (26) tempers this interpretation. In the theoretical realm, it is possible that transient knockdown of Sprn expression could produce a stronger phenotype than a constitutive null allele if the absence of Sho early in embryogenesis (as would be the case for a constitutive null allele) were to induce expression of protein with a similar functionality, such that a later developmental checkpoint between e8 and e11 could be overcome, even though Sho is knocked down. A last possibility considers genetic strategies: targeting the Sprn 3′ UTR by knockdown, versus deletion of protein coding sequence. Since the Sprn gene overlaps the transcriptionally opposed Mtg1 gene, interventions targeting the Sprn 3′UTR could well perturb the abundance of Mtg1 transcripts. Consequent alterations in expression of the Mtg1 protein might then prove deleterious to embryo development in concert with removal of a protective action attributed to PrP C . Because caveats pertaining to Mtg1 do not apply to our gene targeting strategy, we can return to a consideration of the π hypothesis. As we now demonstrate that Prnp 0/0 Sprn 0/0 doubleknockout mice have normal brain neuroanatomy (Fig. S5) , and that Sho and PrP C expression are not always coincident (Fig. 1C) , then within the framework of the hypothesis it follows that Sho is not π. Perhaps other proteins should now be auditioned for this role (e.g., ref. 40) . However, it is also to be considered whether the original formulation of the π hypothesis is compatible with our current knowledge of PrP C chemistry. For example, the π hypothesis envisages two discrete, covalently linked binding sites on PrP C (one N terminal, one C terminal) simultaneously docking onto the L PrP protein, yet we now know that much of PrP C at steady-state is endoproteolysed to separate the N-and C-terminal domains (31, (41) (42) (43) . Furthermore, other hypotheses that also seek to explain the properties of internal PrP deletions neither invoke a PrP paralog nor consider action in embryonic development (44) . Rather, although there is data that the zebrafish PrP-1 gene may modulate cell adhesion and serve a neurodevelopmental role (45) , there is a broad consensus that PrP C in mammals may serve to protect or maintain neurons in adult life (46) . The same concept may apply to Sho as well, and experiments to appraise this possibility are underway. and clinical diagnoses were done as described previously (47) . Results are reported as mean ± SEM. P < 0.05 was considered as significant. One-way ANOVA followed by post hoc t tests with corrections for multiple comparisons was used for body weight measurements.
Generation of Targeted Vector. Our gene-targeting strategy was designed by GenOway and is described in SI Materials and Methods. All vectors used are shown in Fig. S1 .
Western Blot Analyses. Whole brains of adult mice were homogenized in 0.32 M sucrose with protease inhibitors (Complete tablet; Roche Diagnostics). Whole extracts (50 μg of total protein) were subject to 14% SDS/PAGE and transferred to a PVDF membrane (Millipore). Immunodetection using the enhanced chemiluminescence (ECL) method (Pierce) was performed according to the manufacturer's instruction. The membrane was probed first with anti-Sho antibody (06r-SH1 or 06rSH3a) (21) and then anti-PrP (SHA31, Spi- Histology. Each specimen was fixed by immersion either in neutrally buffered 10% formalin or in Carnoy's fixative. Samples were subsequently dehydrated and routinely processed in paraffin. For morphological studies, conventional histological staining methods of H&E were used. Sections were treated with antibodies against Sho (06SH-1), PrP (SHA31), followed by detection using EnVision+ System-HRP (DAB) and ARK kits (Dako). For double labeling, Sho (06SH1) immunoreactivity was labeled with DAB, and PrP (SAF83) with alkaline phosphatase mediated activation of Vector Red stain (Vectorlabs).
DEA Extraction. DEA extraction of Sho from mouse brains was performed by a method previously described (27, 28) . Briefly, brains were homogenized 10% wt/vol in 0.2% DEA in 50 mM NaCl. Homogenate was ultracentrifuged at 100,000 × g for 1 h at 4°C. The resulting supernatant was neutralized with the addition of 0.5 M Tris-HCl pH 6.8 at a volume one-tenth that of the total. Pellets were resuspended in buffer of 50 mM Tris (pH 7.5), 0.5% sodium deoxycholate, and 0.5% Triton X-100 with proteases inhibitors. Fig. S1 . Vectors used for the construction of Sprn 0/0 targeting vector. The plasmid sLA, SA, G2, G194, and G112 were provided by GenOway SA. The 3′ and 5′ segments surrounding the Sprn ORF were cloned to make the targeting vector HR. . Assessing expression of Shadoo (Sho) in peripheral tissues. Sho expression was analyzed by Western blot in wild-type mice in (A) heart, kidney, spleen, stomach, fallopian tubes (fallopian t.), and (B) liver, lung, muscle, and olfactory bulb (olf. Bulb). The antibodies used were, in sequence, against a C-terminal Sho epitope (06SH3a, residues 86-100), an N-terminal Sho epitope (06SH1, epitope lies between residues 30 and 61), a C-terminal cellular prion protein (PrP C ) epitope (Sha31, residues 145-152) and β-actin. The signature 22-kDa band representing mature Sho (mSho) is only evident in samples from the olfactory bulb. Total 112 7 n/a n/a 112 n/a n/a Female 52 n/a n/a 52 n/a n/a Male 60 n/a n/a 60 n/a n/a 
